The effects of in vitro pretreatment with benzene metabolites on colony-forming response of murine bone marrow cells stimulated with recombinant granulocyte/macrophage colony-stimulating factor (rGM-CSF) were examined. Pretreatment with hydroqulinone (HQ) at concentrations ranging from picomolar to micromolar for 30 min resulted in a 1.5-to 4.6-fold enhancement in colonies formed in response to rGM-CSF that was due to an increase in granulocyte/macrophage colonies. The synergism equaled or exceeded that reported for the effects of interleukin 1, interleukin 3, or interleukin 6 with GM-CSF. Optimal enhancement was obtained with 1 ,uM HQ and was largely independent of the concentration of rGM-CSF. Pretreatment with other authentic benzene metabolites, phenol and catechol, and the putative metabolite trans,trans-muconaldehyde did not enhance growth factor response. Coadministration of phenol and HQ did not enhance the maximal rGM-CSF response obtained with HQ alone but shifted the optimal concentration to 100 pM. Synergism between HQ and rGM-CSF was observed with nonadherent bone marrow cells and lineage-depleted bone marrow cells, suggesting an intrinsic effect on recruitment of myeloid progenitor cells not normally responsive to rGM-CSF. Alterations in differentiation in a myeloid progenitor cell population may be of relevance in the pathogenesis of acute myelogenous leukemia secondary to drug or chemical exposure.
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Leukemias are clonal diseases originating in cells of the hematopoietic stem or progenitor cell compartment. In a majority of cases, the origin of acute myelogenous leukemia (AML) appears to be a cell capable of giving rise to myelo/ monocytic, erythroid, or megakaryocytic cells, monocyte or granulocyte progeny, or limited to the granulocytic pathway (1) (2) (3) (4) (5) (6) . AML occurs secondary to exposure to a number of cytotoxic agents, such as benzene, and various cancer chemotherapeutic agents (7) (8) (9) (10) (11) . Secondary AML is distinguished from de novo AML by a high incidence of a "preleukemic phase" (i.e., cytopenias, myelodysplasias, panmyelosis) (6) and frequent cytogenetic abnormalities involving a loss of all or part of chromosomes 5 and 7 (12, 13) .
The majority of hematotoxic and leukemogenic compounds appears to target cycling cells with cytotoxicity mediated through interference with nucleic acid synthesis, cellular enzyme integrity, or microtubule and/or spindle formation. For such agents, target cell susceptibility is dependent on the rate ofcell proliferation (14) . The hematotoxicity ofbenzene is well established in humans and experimental animals, chronic or repeated exposure resulting in lymphocytopenia, pancytopenia, and aplastic anemia (15, 16) . Benzene metabolism is a requirement for toxicity, and the phenolic metabolites of benzene have been repeatedly implicated in hematotoxicity (17) (18) (19) (20) . Benzene and its metabolites produce bone marrow suppression via a cell cycle-specific mechanism, dividing cells being blocked or arrested in G2/M phase (21) (22) (23) . The quinone metabolites of benzene, hydroquinone (HQ) and p-benzoquinone, are potent inhibitors of microtubule assembly (24) (25) (26) , and HQ, either by itself or in combination with another benzene metabolite, catechol (CAT), is a potent inducer of aneuploidy in cultured human lymphocytes (27) , suggesting a potential role for nondysjunctional events in the evolution of AML secondary to benzene exposure.
Various studies have reported that repeated or prolonged exposure to benzene in vivo depresses the number of hematopoietic progenitor cells as defined by the colony-forming unit-spleen (CFU-S) and in vitro colony-forming (CFC) assays (28-33). Cronkite et al. (34) suggested a possible transitory increase in granulocyte/macrophage colony-forming units (CFU-GM) followed by suppression in mice chronically exposed to benzene. Recently, short-term benzene administration in vivo has been reported to result in a relative sparing of murine CFU-GM (35) .
Leukemogenesis is recognized to be a multifactorial process with the development of AML secondary to drug or chemical exposure involving more than a single direct cytotoxic effect on a cycling progenitor cell (6) . Chemotherapeutic agents, such as hydroxyurea or vincristine, also target dividing progenitor cells, but their use in chemotherapy has not been associated with the development of AML. We have hypothesized that a distinguishing characteristic of agents with leukemogenic potential is their ability to produce intrinsic alterations in the regulation of stem Bone Marrow Cells. Mice were killed by cervical dislocation and bone marrow was flushed from femora with phosphate-buffered saline (PBS) containing 1% bovine serum albumin (BSA) using a 5-ml syringe with a 22-gauge needle. A single cell suspension was obtained using a Pasteur pipet, which was then purified over a discontinuous gradient (Lympholyte-M, Accurate Scientific, Westbury, NY). The recovered buffy layer was removed and washed twice in PBS/ BSA. Nonadherent cells were obtained by incubating the cells at 2 x 106 per ml in culture flasks for 1 hr at 370C in PBS/BSA. The number of nucleated cells was determined with a hemocytometer using Turk's solution and cell viabilities were determined by trypan blue exclusion. Cell suspensions were kept on ice during all procedures unless otherwise noted.
Enrichment of Hematopoietic Progenitor Cells. Bone marrow cells were obtained as described above, incubated with an antibody cocktail of lineage-specific antibodies (either rat IgG or IgM) for 45 min at 40C, and washed twice with PBS/BSA to remove unbound antibody. Lineage-specific antibodies consisted of CD4 (GK1.5), CD8 (53-6.72), B220 (RA3-3A1/6.1), and Mac-1 (M1/70.15.11.5) [American Type Culture Collection (ATCC)] and Gr-1 (RB6-8C5), which was obtained from Irving Weissman (Stanford University). Antibodies were purified using protein G and titered for optimal binding. Labeled cells (1.4-1.5 x 108) in 1 ml of PBS/BSA were applied to a chromatography column of 1.6-cm internal diameter containing Sepharose 4B linked with anti-rat K monoclonal antibody (MAR 18.5, ATCC). The bed height of the affinity column was 4.7 cm and the flow rate was 9.8 ml/cm2 per hr. The purity of lineage negative cells was determined by flow cytometry, using fluorescein-conjugated anti-rat K as the secondary reagent.
Flow Cytometry. Cells were analyzed on a model 753 EPICS V flow cytometer (Coulter). Logarithmically integrated green fluorescence was gated on the forward angle, and 900 light scatter of live cells was measured on 10,000 cells per sample.
Chemical Exposure. Nonadherent bone marrow cells or enriched progenitor cells were aliquoted into control and treatment groups, centrifuged at 200 x g for 5 min, and resuspended in PBS without BSA. Concentrations of HQ (Sigma), phenol (PH) (Sigma), CAT (Sigma), or trans,transmuconaldehyde (TM) (supplied by James Ruth, University of Colorado) or PBS was added to each suspension (2 million cells per ml). Cells were incubated at 37°C for 30 min, complete Iscove's medium was added, and cells were centrifuged for 10 min at 200 x g. Cells were resuspended in complete medium and cultured. Except where noted, cell viabilities determined after 30 min of pretreatment for different concentrations of compounds were >90%.
CFU-C Assay. Cells were plated in 35-mm culture dishes at a concentration of 3 to 5 x 104 cells per ml in 1 ml of modified Iscove's medium containing 10% heat-inactivated fetal bovine serum (Life Technology, Grand Island, NY), 50 mM 2-mercaptoethanol, 1 .2% (wt/vol) methyl cellulose, and rGM-CSF (either 5 or 10 ng/ml unless otherwise stated). The colony-forming response of nonadherent Ficoll-purified murine bone marrow cells cultured in the presence of different concentrations of rGM-CSF is shown in Fig. 1 . Granulocyte/macrophage colonies (CFU-GM) predominate over a wide range of growth factor concentration, with CFU-GM response plateauing at =2.5 ng of rGM-CSF per ml. Given these culture conditions, the number of granulocyte colonies (CFU-G) formed is negligible; however, macrophage colonies (CFU-M) are observed in small numbers. No significant differences in colony number or type are noted between day 8 and day 14 cultures for any treatment group. Therefore, only day 8 culture data are presented.
HQ pretreatment of bone marrow cells for 30 min results in a significant enhancement of GM-CSF-induced CFU-GM over a range of concentrations (10-8-10-5 M), with maximal enhancement consistently observed at 10-6 M. Higher concentrations (10-3_10-2 M) result in suppression of CFU-GM.
Pretreatment of bone marrow cells with HQ in the absence of GM-CSF results in no colony formation. The HQ-induced increase in colony-forming response is almost entirely due to an increase in CFU-GM colonies. The results of two representative experiments are shown in Fig. 2 . The results of three additional separate experiments are presented in Table  1 . The increase in the number of responding cells relative to controls ranges between 1.5-and 4.6-fold. Although the magnitude of the HQ-induced enhancement appears to be influenced by the concentration of GM-CSF (Table 1) , optimal stimulation invariably occurs at 10-6 M HQ following pretreatment with HQ alone. Accordingly, the concentration-response of HQ-induced enhancement appears to be relatively independent of either the amount of GM-CSF present or the magnitude of baseline variation in rGM-CSFinduced CFU-GM in individual experiments. In contrast to HQ, pretreatment with CAT produces no significant effect on CFU-GM over an extended range of concentrations (10-1o-10-2 M) (Fig. 3A) , although cytotoxicity is observed at pretreatment concentrations of 10-2 M or greater. Similarly, pretreatment of cells with PH alone does not enhance colony formation at any concentration but suppresses CFU-GM at 10-1 M (Fig. 3B) . At concentrations greater than 10-2 M, pretreatment with PH results in the reduced viability of pretreated cells. Although PH apparently is not myelotoxic by itself, the coadministration of PH with HQ has previously been demonstrated to enhance the myelotoxicity of HQ in vivo (17) . Similarly, coadministration of CAT has recently been shown to potentiate HQ-induced nondysjunctional events in human lymphocytes (27) . Coadministration of PH does not affect the magnitude of HQ-induced enhancement of CFU-GM. However, the optimal concentration-response for HQ is shifted from 10-6 M to 10-10 M in the presence of PH (Fig. 4) . Colony formation is not affected by pretreatment with CAT alone over a range of concentrations from l0-8 M to 10-4 M. However, coadministration of CAT prevents HQ-induced enhancement of CFU-GM at concentrations ranging from 10-10 M to 10-6 M and potentiates HQ-induced suppression by 100-fold (Fig. 5 ) in the absence of any demonstrable decrease in cell viability. TM has been hypothesized to be a ring-opened metabolite of benzene that has been shown to be hematotoxic following exogenous administration (36) (37) (38) (39) . Pretreatment of bone marrow cells with TM does not result in an enhanced CFC response, the response curve remaining essentially flat over concentrations ranging (40) . The synergism previously described for the addition of IL-1 or IL-6 to hematopoietic cultures is mediated indirectly via the production of GM-CSF or IL-3 (41) . Therefore, it is unlikely that the observed enhancement of GM-CSF response by HQ is due to an indirect effect on accessory cells. Nevertheless, this possibility was tested further by examining the effects of HQ pretreatment in a bone marrow cell population that was >96% depleted of cells expressing lineage-specific markers (Fig. 7) . Pretreatment of this enriched progenitor cell population with HQ results in a 2-fold enhancement of GM-CSF-induced CFU-GM comparable to that obtained in routine bone marrow cell preparations (Fig.  8) . The marginal increases in CFU-M observed in bone marrow preparations pretreated with HQ are completely abrogated in lineage-depleted cells (data not shown), suggesting that any effect of HQ on CFU-M either is mediated via a more differentiated responding cell population not present in lineage-depleted cells or requires accessory cell involvement.
DISCUSSION
GM-CSF is an important growth factor that supports the growth and differentiation of myeloid progenitor cells. Cells responding to GM-CSF are resting cells that are rapidly recruited into cycle, the earliest cell giving rise to CFU-GM being the multipotential myeloid progenitor cell (41) (42) (43) , implicated as a target cell in the development of AML. Pretreatment of murine bone marrow cells with HQ at concentrations between 10-1o and 10-6 M results in an enhancement of CFU-GM in response to GM-CSF. The magnitude of HQ-enhanced colony formation equals or exceeds that described for the synergistic action of IL-3, IL-1, and IL-6 in combination with GM-CSF (41, 44) . Pretreatment of bone marrow cells with HQ in the absence of GM-CSF results in no colony formation, suggesting that production of GM-CSF, IL-3, M-CSF, G-CSF, IL-1, or IL-6 cannot explain these results. In addition, the magnitude of HQ-induced enhancement of CFU-GM far exceeds that observed by varying the concentration of either GM-CSF or IL-3 in this culture system (IL-3 data not shown). A number of additional factors suggest that HQ-induced enhancement of CFU-GM represents an intrinsic effect on GM-CSF response of progenitor cells rather than an effect mediated by accessory cells. ILs thought to play an accessory role in myeloid differentiation are IL-1 and IL-6, both of which have been reported to exert synergistic effects indirectly via the production of GM-CSF or . In contrast to interactions reported for these growth factors and c-kit ligand (45) , no difference in colony size or type is observed between control and HQ-pretreated cultures, suggesting that increased recruitment of CFC is not accompanied by an increase in cell proliferation rate. The enhancement in colony number observed in HQ-pretreated cultures results in a uniform distribution of colonies on the plate rather than a cluster or "burst" pattern characteristic of accessory cell participation and is observed in preparations depleted of stromal and macrophage cells. Finally, the potency of HQ-induced en- The most likely explanation for HQ-induced enhancement of CFU-GM is the recruitment of an early hematopoietic precursor population that would normally not respond to GM-CSF under the conditions employed in these assays. Previous studies have revealed that repeated benzene administration in vivo is accompanied by an initial increase in bone marrow cell turnover that is maximal at 4 hr but declines to control rates within 8 hr (46) . Together with the transitory increase in GM colonies reported by Cronkite et al. (34) , these findings suggest that in vivo exposure to benzene results in a shift in a population of resting cells into replicative cycle consistent with the increased recruitment of a hematopoietic progenitor cell population.
The potential of HQ to alter intrinsic growth factor response and induce differentiation in a myeloid progenitor cell population may be important in the pathogenesis of AML secondary to benzene exposure. Benzene leukemogenesis may result from the dual ability of its metabolites to promote progenitor cell differentiation and induce cytogenetic changes in replicating cells. If other leukemogenic agents act similarly, alterations in myeloid progenitor cell differentiation may be important in the pathogenesis of secondary AML in general.
HQ has been shown to be a potent disrupter of microtubule assembly via covalent interaction with SH groups required for GTP binding to the tubulin molecule (24) (25) (26) . In addition, HQ, by itself or in synergy with CAT, has been demonstrated to produce aneuploidy in cultured human lymphocytes (27) . Mechanisms to explain HQ-induced enhanced response to GM-CSF may include alterations in receptor-ligand affinity via direct binding to SH groups associated with the receptor complex, modulation of membrane-associated cytoskeletal elements, or direct effects on signal transduction or gene expression. Understanding the significance of altered progenitor cell growth factor response and its role in secondary leukemogenesis will require a critical examination of these alternatives.
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